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Molecularly mediated assemblies of nanoparticles open
prospects for the combination of nanostructure-tuning capa-
bilities with unique electrical, optical, and magnetic proper-
ties.[1] Quantum dots (QDs) have attracted increasing interest
as fluorescent probes owing to their photostability, continu-
ous absorption spectra, and efficient and tunable emission.[2]
Different approaches to the assembly of QDs to explore their
collective optical properties have been reported.[3] Mediation
of the assembly of QDs by a small molecular analyte, such as
glucose, may yield a facile means of fabricating QD arrays
with tunable optical properties in response to concentration
changes of the analyte, even in a living system. However, such
approaches remain largely unexplored. Changes in the
glucose level within cells are indicative of many cellular
processes.[4–6] For example, glucose plays an important role in
both energy metabolism and biosynthesis in the cells of most
mammalians[5] and could thus potentially be used in cancer
therapy to restrict cancer-cell growth.[6] Yet how cells sense
and adapt to changes in the glucose level is not well
understood. Although numerous fluorescent glucose probes
have been developed from QDs, only a small number are
potentially practical for intracellular imaging.[7]
On the basis of the observation by Yoon and Czarnik that
the fluorescence of a fluorophore changed upon the reaction
of glucose with a boronic acid group attached to the
fluorophore,[7a] Singaram and co-workers were the first to
develop fluorescent QDs for glucose sensing.[7b] Their
approach involved reversible competition between glucose
and CdSe QDs for a boronic acid functionalized organic
quencher. An analogous method was reported by Tang et al.,
who used fluorescence resonance energy transfer (FRET)
between CdTe QDs conjugated to concanavalin A (Con A)
and gold nanoparticles modified by thiolated b-cyclodex-
trins.[7c] Willner and co-workers prepared H2O2-sensitive
CdSe/ZnS QDs that could be linked to glucose oxidase.[7d]
They also used FRET between CdSe/ZnS QDs and a dye-
modified galactose–dopamine conjugate to develop a com-
petitive assay for the optical detection of glucose.[7e] Although
benefits of the use of QD-based glucose probes are already
apparent, these systems were applied for homogeneous
detection, and the potential of their use on a cellular level
has not yet been investigated. Experiments on the selectivity
of QD-based glucose probes are also quite limited.[7c]
Herein, we demonstrate that a simple and reliable glucose
probe (Scheme 1) can be designed on the basis of the glucose-
mediated assembly of phenylboronic acid (PBA) modified
CdTe/ZnTe/ZnS core/shell/shell (CSS) QDs (PBA-QDs). The
PBA-functionalized groups attached to the QDs serve as
linkers. Boronic acids reversibly form stable boronate com-
plexes with cis diols; thus, PBA-modified probes are good for
continuous glucose sensing.[8] Our probe shows high sensitiv-
ity and selectivity for glucose over the non-glucose metabolic
end product l-lacate and common metal ions. The glucose-
dependent assembly of QDs with a properly controlled
degree of PBA functionalization could form the basis of a
general method for the development of ratiometric sensors,
which could be used to probe glucose in living cells through
Scheme 1. Glucose-mediated assembly of PBA-modified CdTe/ZnTe/
ZnS CSS QDs. The fluorescence of the QDs depends on the assembly
induced by the interactions of the analyte with the molecular-recogni-
tion groups anchored on the surface of the QDs.
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the monitoring of changes in the emission intensity, wave-
length, or collection efficiency of QDs.
We synthesized high-quality CdTe/ZnTe/ZnS CSS QDs
capped with mercaptosuccinic acid (MSA) in an aqueous
medium (see the Supporting Information for experimental
details). Highly luminescent CdTe/ZnTe CS QDs were
recently synthesized in an aqueous medium.[2d] If the ZnS
shell was grown directly on the surface of CdTe QDs, serious
strain would be generated between CdTe and ZnS owing to
their large lattice mismatch (16.5 %). Such strain can lead to
low photoluminescent quantum yields (PLQYs) and broad
size distributions.[9] To overcome this problem, we introduced
a ZnTe shell, with a band-gap energy and a lattice constant
between those of CdTe and ZnS, as a buffer layer between the
CdTe core and the ZnS shell (see SI2 in the Supporting
Information). As highly luminescent CdTe/CdS CS QDs have
been prepared successfully despite the relatively large lattice
mismatch (10.0 %) between CdTe and CdS,[9c] the ZnS shell
was expected to exhibit well-defined epitaxial growth on the
surface of the ZnTe shell owing to the similar lattice mismatch
(10.7 %). Both UV/Vis and photoluminescence (PL) spectra
of the synthesized MSA-capped CdTe/ZnTe/ZnS QDs indi-
cated the desired CSS structure (see sections SI3 and SI4 in
the Supporting Information). This double-shell structure
enables a stepwise change in lattice spacing from the emitting
CdTe core to the protecting ZnS shell and thus reduces the
strain within the QD.[9b] Moreover, charge carriers are
effectively confined within the core region and separated
from the surface as a result of the adequately offset band-gap
energies (ca. 2 eV) between the core and the double-shell
region. This CSS structure reduces nonradiative surface
defects and improves the PLQY (ca. 72 %).[9b, 10] PBA was
covalently linked to MSA-capped CdTe/ZnTe/ZnS CSS QDs
through EDC coupling (see section SI5 in the Supporting
Information). We expected that the boronic acids anchored
on the surface of our CSS QDs would be able to form stable
boronate complexes with glucose.
Dynamic light scattering (DLS) was used to monitor the
glucose-mediated assembly of PBA-QDs on the basis of the
hydrodynamic diameter (Dh). Figure 1a shows a representa-
tive set of size-evolution data for the assembly of PBA-QDs in
the presence of d-glucose (20.0 mm). Upon the addition of
glucose to the solution containing QDs, the average Dh value
increased gradually with reaction time until an equilibrium
state was reached.
Interference with a glucose sensor by the non-glucose
constituents of blood should be minimal. The concentration
of pyruvate, galactose, and fructose in blood is below
0.1 mm ;[11] thus, it is unlikely that these compounds will
interfere significantly with the glucose reading. However, the
concentration of l-lactate, a key metabolite that can bind to
boronic acid derivatives, is usually 0.36–0.75 mm in blood at
rest, but can rise to over 20 mm during intense exertion.[12] To
examine the impact of l-lactate on our PBA-QD glucose
probe, we also monitored the size evolution of PBA-QDs in
the presence of lactate (20 mm). DLS indicated a larger
apparent rate constant with lactate (first-order, k = 1.27 
102 min1; see section SI6 in the Supporting Information)
than that found with glucose (8.59  103 min1), possibly
owing to the flexible orientation of the adjacent hydroxy
groups in lactate and its small size.[12c] However, we found that
the lactate-induced assembly of the PBA-QDs was nearly
negligible in comparison with glucose-induced assembly. This
different reactivity can be explained by the structural differ-
ence between glucose and lactate molecules. Although both
glucose and lactate can complex with boronic acids, each
lactate molecule can only provide one pair of cis hydroxy
groups. The binding of lactate to the PBA-QDs can form
negatively charged boronate groups and slightly increase the
capping-shell thickness; however, lactate cannot bridge the
PBA-QDs to form an interparticle assembly. In contrast, each
glucose molecule has two pairs of cis diols that can covalently
bridge the PBA-QDs to form a large assembly (Scheme 1).
This unique glucose-induced assembly of the PBA-QDs
essentially leads to a high selectivity of the probe for glucose
over lactate. Furthermore, the negative charges on the
boronate complexes and the unfunctionalized carboxylate
groups enable excellent water stability of the assembled QDs
at pH 7.4.
To examine the morphology of the glucose-mediated
assembly of the PBA-QDs, TEM images were taken of the
assembled particles formed at different glucose concentra-
tions (Figure 1b,c; see section SI7 in the Supporting Infor-
mation). The TEM images are representative of the charac-
teristic particle sizes and shapes on the entire TEM grid for all
the samples. An increase in glucose concentration led to an
increase in the particle size of the PBA-QD assemblies. A
close view of the morphology of the assemblies revealed many
smaller dots of a size consistent with that of PBA-QDs
without the addition of glucose and thus suggested a close
packing of the PBA-QDs. The glucose-induced assembly of
the PBA-QDs was well reproducible from batch to batch.
Figure 1. a) Time dependence of the mean hydrodynamic diameter for
the assembly of PBA-QDs in the presence of glucose (20.0 mm, &) and
lactate (20.0 mm, *). b) TEM image of PBA-QDs in the absence of
glucose. c) TEM image of PBA-QDs in the presence of glucose
(20.0 mm). Small spots can be distinguished clearly in the enlarged
image of the structured assemblies (inset).
Angewandte
Chemie
6555Angew. Chem. Int. Ed. 2010, 49, 6554 –6558  2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org
The glucose-induced close packing of the PBA-QDs
significantly affects the PL properties of the resultant
assemblies. Figure 2 a shows the PL spectra of the PBA-
QDs as a function of glucose concentration. Two effects were
observed when the glucose concentration was increased: a) a
quenching of the PL intensity of both low- and high-energy
emissions; and b) a significant red shift of the high-energy
emission associated with the 2D systems (shell, ca. 585 nm),
but barely any shift of the low-energy emission associated
with the 0D system (core, ca. 640 nm). At pH 7.4, glucose can
bind about 30% of the total PBA groups to form charged
boronate complexes;[13] in this way, Coulomb repulsion is
introduced between the negatively charged boron atoms and
thus between the bonded QDs. On the other hand, because
the glucose is covalently bound to the PBA groups anchored
on the QDs, these QDs act as cross-linking points. Although
electrostatic repulsion between these QDs would favor their
existence as individual entities, the “cross-linked” structure
offers the retractive force to restrain the disassembly of the
aggregate. The counterbalance of the repulsive and retractive
forces introduces an elastic tension in the bonds that could
stretch the interface of the thiol-modified QDs to create
surface states that can quench the PL.[8d] A similar phenom-
enon was reported by Wuister et al., namely, that short
stabilizer molecules (2-mercaptoethanolamine) can propa-
gate the exogenous strain to the surface of CdTe QDs to
create surface quenching states.[14] Consequently, when the
glucose concentration was increased to 20.0 mm, a PL
quenching of the PBA-QDs as high as 67 % and a red-shift
of about 83.5 meV (24 nm) were observed. The energy
difference is taken as an indication of cluster–cluster inter-
action in a closely packed layer of QDs.[2e]
Interestingly, the glucose-induced PL quenching and red
shift of the 2D emission as a function of glucose concentration
follow the same trend (Figure 2b), which also mirrors that of
the glucose-induced size evolution of the assemblies as
observed by TEM. This observed relationship serves as
further confirmation that the PBA-QDs are bound together
by the glucose molecules during assembly. The PBA-QD
probes are sensitive to glucose concentrations in the typical
physiologically important range of 0.4–20.0 mm. The linear
plot shown in Figure 2c gives glucose-dependent PL proper-
ties in a more orthogonal fashion. The detection limit
estimated from the color change is 0.3 mm ; it is reduced to
as low as 50 mm when estimated from the intensity change.
The glucose sensitivity of the PBA-QD probe can be further
tuned through the control of the amount of PBA groups
anchored on the QDs. Glucose-induced PL quenching
increases as the number of PBA groups on the QDs is
increased (see section SI8 in the Supporting Information).
Thus, our approach is suitable for the quantitative detection
of glucose in biological samples.
To further examine the potential interference of lactate,
lactate-dependent PL quenching was also investigated for
comparison. Only a slight quenching of 7% and a red shift of
23.8 meV were observed at a lactate concentration of
20.0 mm ; these quantities were decreased remarkably to
only 2% and 8.1 meV at a lactate concentration of 1.0 mm
(Figure 2b). The relative error for lactate is within the range
of 10 % at normal blood levels. The PBA-QD probe clearly
shows excellent sensitivity and selectivity for glucose over
lactate.
We also checked the influence of metal ions. Although
QD ion sensors have been demonstrated, the QDs protected
by a ZnS shell in this study should have no significant
response to metal ions in blood.[2e,f] The mechanism of the
fluorescence quenching of QDs by metal ions is most
probably related to the transfer of electrons from the
photoexcited QDs to the cation bound at the surface and
the formation of new nonradiative surface channels for
electron annihilation, which effectively competes with radi-
ative electron–hole recombination within the QDs.[2g] The
relative error in the glucose concentration (0.4–20.0 mm) in
the presence of common metal ions (1.0 mm) found in
biological systems, such as K+ (1.83%), Na+ (0.52 %),
Mg2+ (2.31%), Al3+ (0.35%), Zn2+ (+ 0.06 %),
Fe3+ (+ 4.03 %), and Cu2+ (+ 1.32 %), is within the range of
Figure 2. a) Characteristic PL response of the PBA-QDs as a function
of the d-glucose concentration. b) Evolution of the emission position
and the quenched PL as a function of the concentration of glucose (&)
at 609 nm and lactate (*) at 586 nm. c) Linear plot showing the
glucose-responsive PL properties in the reciprocal space.
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 4.03%. The observed different quenching behaviors of
metal ions with the PBA-QDs most likely result from the
different electronic structures and redox potentials of the
metal ions, as well as the different ion strengths involved in
the electrostatic attractions between the metal ions and the
boronic acid groups or carboxyl groups. Thus, the present
glucose probe should be free from significant interference by
the non-glucose constituents of blood.
The reaction of glucose with PBA-QDs is unique, since
the formation of the covalent bonds between the boronic acid
groups and cis diols is reversible. As glucose was removed
from the bathing medium of the PBA-QD probe by dialysis
against very frequently changed water, the boronate ester
started to dissociate, and disassembly proceeded to form
small QDs, which could readily permeate across the dialysis
membrane. At the end of the experiment, nearly no QDs
remained inside the dialysis tube, as revealed by an extreme
decrease in fluorescence. This good reversibility will be an
important feature for future in situ studies in biological
systems.
Having demonstrated the glucose-signaling ability of the
PBA-QDs, we next tested the ability of the PBA-QDs to enter
cells and detect intracellular glucose levels by using mouse
melanoma B16F10 cells as a model. The small QDs (< 10 nm)
can attain deep penetration into poorly permeable tumor
cells.[15] B16F10 cells treated with PBA-QDs were highly
luminescent, with fluorescence seen primarily in specific areas
of the cytoplasm (Figure 3a).[16] A cross-sectional Z scan also
confirmed the entry of the QDs into the cells (see section SI9
in the Supporting Information). The QDs within the cells
produced a bright color, and the PL intensity was retained
even after continuous irradiation for 30 min. This result
confirmed the photostability of the QDs in cells.
Typically, glucose utilization by a cell depends on trans-
port and metabolism. Most mammalian cells transport
hexoses into or out of the cytosol, as mediated by a family
of monosaccharide facilitators.[4] The B16F10 cells were
grown in sugar-free Dulbecco modified Eagle medium
(DMEM). When fed different amounts of glucose, the
B16F10 cells labeled with the PBA-QDs could be simply
optically differentiated by using appropriate filter systems in
the confocal microscope. Some assembled particles may be
too big to be taken up by the living cells automatically.[15] The
fluorescence observed for repeatedly washed cells is due to
QDs preloaded into the cells. Local spectral analysis of the
overall staining of QDs in the cells indicated a difference in
the PL signal (Figure 3). Without glucose feeding, the
emission maximum appeared at about 590.2 nm. On the
basis of the calibration curve in Figure 2c, a glucose concen-
tration of approximately 1.6 mm was estimated for the
intracellular region labeled with a yellow circle in Figure 3a.
When the cells were fed with extracellular glucose at
concentrations of 2.0 and 20.0 mm, the emission maximum
shifted to approximately 596.7 and 609.8 nm, which corre-
spond to glucose concentrations of about 4.0 and 15.9 mm,
respectively, for the intracellular regions shown in Fig-
ure 3b,c. Thus, the engineered QDs have the potential to
serve as a selective nanoprobe for specific diagnosis. The
ability of the QDs to change color may provide a powerful
tool for monitoring the complex changes that can occur within
living systems at the single-cell level, through a proper
functionalization of the QDs.
In summary, we have developed a new strategy for
chemical and biological probing by teth-
ering environmentally sensitive mole-
cules to emissive water-soluble QDs.
The resulting QDs can be used to
detect and quantify a small-molecule
analyte in living cells. The unique glu-
cose-mediated assembly of PBA-QDs
could be used to modulate the PL
properties of QDs to enable a selective
ratiometric response to glucose. The
optical approach to glucose probes has
considerable potential for modifications
with other QDs and molecules to give a
spectrum of probes for the detection of
saccharides and other analytes at various
concentrations in cells.
Received: March 12, 2010
Published online: July 27, 2010
.Keywords: analytical methods ·
fluorescent probes · glucose ·
quantum dots
Figure 3. Scanning confocal fluorescence microscopy images (left), transmission microscopy
images (center), and overlaid images (right) of mouse melanoma cells B16F10 incubated with
PBA-QDs (5.0 mgmL1), with the additional feeding of glucose at concentrations of a) 0 mm,
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